Abstract. Influenza type A is considered as a severe public health concern. The mechanism of drugs applied for the control of this virus depends on two surface glycoproteins with antigenic properties, namely hemagglutinin (HA) and neuraminidase (NA). HA aids the virus to penetrate cells in the early stage of infection and NA is an enzyme with the ability to break glycoside bonds, which enables virion spread through the host cell membrane. Since NA contains a relatively preserved active site, it has been an important target in drug design. Oseltamivir is a common drug used for the treatment of influenza infections, for which cases of resistance have recently been reported, giving rise to health concerns. Flavonoids are natural polyphenolic compounds with potential blocking effects in the neuraminidase active site. Based on their antiviral effect, the flavonoids quercetin, catechin, naringenin, luteolin, hispidulin, vitexin, chrysin and kaempferol were selected in the present study and compared alongside oseltamivir on molecular docking, binding energy and active site structure, in order to provide insight on the potential of these compounds as targeted drugs for the control and treatment of influenza type A. The molecular characterization of flavonoids with binding affinity was performed using AutoDock Vina software. The results indicated that these compounds may effectively block the NA active site. Therefore, these natural compounds derived from fruits have the potential for development into drugs for controlling influenza, which may aid overcome the clinical challenge of the H1N1 strain epidemic.
Introduction
Influenza type A virus is historically among the most aggressive virus' to have been identified, having caused several global epidemics. Between 1918 and 1919 this virus caused a mortality rate accounting for 5% of the world population (1) (2) (3) . Unfortunately, the potential hazard and spread of the virus remain to be considered as a threat to human health (4) . Surface glycoproteins with antigenic properties including hemagglutinin (HA) and neuraminidase (NA) account for the emergence of novel subtypes of type A influenza and of novel forms of influenza. To date, 18 subtypes of HA (H1-H18) and 11 subtypes of NA (N1-N11) have been identified (5, 6) . Hemagglutinin binds to sialic acid receptor for viral entry into the host cell (7) . NA is an enzyme with the ability to break glycoside bonds, which may block cell-surface sialic acid receptor binding and allow virion spread across the host cell membrane. In the absence of this mechanism, virions accumulate on the cell membrane (8) . In this manner NA may serve a facilitating role in the early stage of infection into endothelial cells (9) .
Due to the importance of NA in virus distribution and its relatively preserved active site, it is an important target of drug design for control of influenza infections (10) . Among previously developed drugs, oseltamivir, which targets NA, has been identified as the most effective, with an inhibitory effect on the N1, N2 and N9 subtypes (11, 12) . However, several cases of resistance reported for this drug raises concern, since lack of disease control can be fatal with the potential for epidemic spread (3, (13) (14) (15) .
Flavonoids are naturally occurring, polyphenolic compounds of relatively low molecular weight that exhibit benzopyrone structure, produced as secondary metabolites in plants to stimulate growth during the state of tension (16, 17) . Due to the reported antioxidant, antibacterial and antiviral effects, presence in normal daily diet and minimal side-effects of flavonoids, they are considered useful resources for drug design (8, (18) (19) (20) (21) (22) . Initial reports on the use of flavonoids as pharmaceutical compounds emerged in the 1940s, when the potential of these compounds was evaluated in the prevention and treatment of coronary heart disease and for their anti-cancer, anti-inflammatory, antibacterial and antiviral (23) (24) (25) (26) (27) (28) (29) . Due to the diversity of flavonoids, the use of computational designs and molecular information on flavonoid compounds enables the selection of the optimum compounds in investigations aimed at identifying alternative drugs with greater impact. Compared with laboratory techniques, molecular data-based methods present the possibility to identify compounds with potent inhibitory effects, predict their structure and design effective drugs in a rapid and high-throughput approach.
Compounds predicted through such computational methods require approval via classic experimental procedures (30) (31) (32) . In fact, the study of molecular data offers the potential to select the most suitable compounds for treatment. Such a benefit is not possible without the need for a glossary of information, which would otherwise be time-consuming. In this regard, docking as the first medical computational design tool provides a method based on the prediction of binder energy interactions (using platforms including MetaPocket, GRAMM-X and HEX Protein Docking). The optimum orientation and interaction of the molecules with the lowest binding energy can be thus determined with the three-dimensional information index of the protein-protein binding (33) (34) (35) .
Due to the abundance of research on the antiviral effects of flavonoids, in the present study, a molecular analysis of the binding affinity of various flavonoids was conducted by the docking method to determine the potential of these compounds as drug candidates for the control and treatment of influenza type A. The results indicated that the binding energy of the majority of flavonoids studied was high at the active site of neuraminidase N1 compared with oseltamivir, which may provide a basis for the replacement of oseltamivir with such flavonoids-based compounds.
Materials and methods

Molecular analysis protocol.
Protein-ligand reactions, binding mode and binding affinity of neuraminidase N1 with oseltamivir and the selected flavonoids were determined via the docking method through the following steps:
Proteins. The Protein Data Bank (PDB) file of the region of neuraminidase N1 which interacts with oseltamivir (PDB code:3ti6) was obtained. Water molecules were removed and non-polar hydrogen molecules were added to the protein structure in Python molecule viewer setting of PyMOL v1.9 (http://www.pymol.org), which obtained the active site of the protein with a size of 24 x 34 x 22 at 1Å grid spacing.
Ligands. CID files and molecular ligand data were obtained from PubChem on the NCBI database (https://pubchem. ncbi.nlm.nih.gov/search/search.cgi) ( Table I) . Ligands were converted to pdbqt format in Open Babel (https://openbabel. org/) GUI 2.3.2a setting.
Protein-ligand docking. Docking was performed in AutoDock Vina (http://vina.scripps.edu/), which predicts interactions between small molecules and proteins.
Determination of protein active site. The amino acids relevant to binding in the active site of the protein were determined using MetaPocket 2.0 (projects.biotec.tu-dresden. de/metapocket).
Analysis. Results were viewed and analyzed with PyMOL v1.9.
Results
Compound binding.
The results indicated that all tested flavonoid compounds (Fig. 1 ) exhibited relatively high potential for binding to the active site of neuraminidase N1 (Table II) . Notably their binding energy was higher in comparison to that of oseltamivir. It is noteworthy that the docking site of these compounds and oseltamivir were similar.
Compound docking. Results of compound docking in PyMol viewer revealed that all the tested flavonoid compounds have affinity for the active site of neuraminidase N1, similar to oseltamivir (Fig. 2) .
Based on previous literature, several flavonoid compounds were initially selected (16) . Compounds including caffeic acid and caffeine were also included in the computational investigation, but the obtained results were insignificant compared with the reported compounds, and only the docking results of the compounds with highest binding energy were reported (Table II) . The obtained docking results confirmed the capability of the selected compounds in terms of effective molecular interaction with the investigated protein, when compared with oseltamivir; selected compounds were determined to have stronger affinities in binding with the active site of neuraminidase.
Protein active site. Amino acid residues involved in the interaction between the protein region and studied ligands were determined using MetaPocket 2.0 software ( Fig. 3 and Table III) .
Since the active site of neuraminidase N1, which interacts with oseltamivir, has a lower affinity than with the flavonoids, the selection of flavonoids in this study appeared successful. The selection of more optimal molecules exhibit a binding position with greater affinity may provide novel pharmaceutical approaches. In addition, the replacement of oseltamivir with flavonoids such as those currently tested when regarding the interaction with neuraminidase N1 may be a topic of interest, because of the importance of antimicrobials in the treatment of influenza type A, and flavonoids have been found to be effective against Gram-positive bacteria (8, 16) .
Discussion
In recent years, among subtypes of influenza type A, H1N1 strain has been considered a challenge in terms of disease control and is a concern of national and international health organizations (13, 29) . Several cases of mutations in the active site of neuraminidase have been reported, and may lead to resistance to oseltamivir, as a drug commonly administered for influenza (14, 15) . These cases highlight the need for broader research aimed at determining alternative therapeutic methods.
The aim of the present study was to provide a basis for in vitro experiments from the perspective of protein-ligand molecular computing, for which AutoDock Vina software was used. Despite the rapidity of calculations, the quality of results obtained from AutoDock Vina software is comparable to those from AutoDock software (31, 32) . Another aim was to shed light on the public notion regarding the potential medicinal effects of flavonoid consumption on influenza type A (36,37).
Flavonoids are currently identified not as medicine, but as necessary elements of daily diet that aid functioning of the immune system (19, 20) . Due to their antioxidant activity, flavonoid compounds may regulate systemic anti-inflammatory reactions (16) . Thus, applying them as a classical medicine does not appear a priority. Therefore, the present study aimed to highlight the overall effects of flavonoids as a dietary factor on the prevention, control and treatment of influenza (38, 39) .
With the development of nanobiotechnological drug design, targeted delivery of flavonoid compounds to target tissues now appears a possibility (40) . Via this method, the systemic side-effects of flavonoids during drug intake may be prevented and the therapeutic dose of flavonoids may be delivered directly to the targeted tissue, leading to improved efficiency of these drugs in lower doses.
Determining precisely the interactions in an active analogous position with antibiotics and candidate flavonoids may aid to better determine the alternatives. Since the variety of antibiotic sources useful for treatment is limited, and in recent decades there has been a lack of studies introducing novel antibiotics, the currently available antibiotics are becoming increasingly less effective due to the high rates of mutation in viruses and bacteria (41) (42) (43) (44) . The performance of comprehensive studies to identify novel sources with the potential of replacing or at least complementing current antibiotics is considered a priority in the pharmaceutical industry. There are numerous antioxidant sources with antibiotic potential against viruses in nature, including fruits, vegetables and honey (45) . So far, their established antioxidant effects have often been limited to applications in traditional medicine (46) (47) (48) (49) . Among these potentially antioxidant compounds are flavonoids; the study of these compounds is thus warranted to select antibiotic candidates (50) . The establishment of novel drugs against influenza type A, for application when mutations in the binding site of the drug occur, appears imperative. Since the binding energies and active site interactions of compounds studied herein were comparable to oseltamivir, further evaluation is recommended with the ultimate aim of introducing a novel generation of drugs in this field.
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